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Protein kinase C in the developing kidney: Isoform expression and
effects of ceramide and PKC inhibitors. Protein kinase C (PKC) is a
serine/threonine kinase recognized as a key enzyme in signal transduction
mechanisms in various biological processes. During development, PKC is
involved in the regulation of growth and differentiation. In mature tissue
PKC is important for homeostatic functions. We studied PKC with regard
to expression and effects on differentiation, growth and apoptosis in the
developing kidney. Using in situ hybridization, we demonstrate age-
dependent expression of PKCO, PKC, PKC and PKCA during fetal and
postnatal kidney development. The endogenous sphingolipid product
ceramide, as well as specific PKC inhibitors, disturbed nephron formation
and induced apoptosis in organ cultures of E13 kidneys. In primary cell
cultures of proximal tubule cells, ceramide and the specific PKC inhibitors
induced apoptosis. In conclusion, PKCa, PKC, PKCT and PKCA are
expressed in an age-dependent pattern during kidney development.
Inhibition of PKC disturbs nephron formation, inhibits growth and
induces apoptosis in the developing kidney. The findings suggest that PKC
plays an important role in regulating normal kidney growth and differen-
tiation.
Normal kidney development is determined by several pro-
cesses, which include cell proliferation, cell differentiation [re-
viewed in 1J and apoptosis [2]. Most of the factors regulating cell
growth and apoptosis act on membrane receptors that activate
second messenger systems. These signals generally produce their
effect by activating protein kinases/protein phosphatases, resulting
in phosphorylation/dephosphorylation of the target protein [re-
viewed in 3, 4]. Protein kinase C (PKC) is a family of at least 11
isoenzymes that, according to their diacylglycerol and calcium
sensitivity, have been classified as classic PKC, activated by
diacylglycerol and calcium, novel PKC, which are activated by
diacyiglycerol but not calcium, and atypical PKC, which do not
require diacylglycerol nor calcium for its activation (reviewed in
41. Individual PKC isoforms have been shown to play separate
roles in biological processes such as growth and differentiation
[5—10]. In the present study, as a first step towards understanding
the role of PKC during kidney development, we have used in Situ
hybridization to examine the expression of four PKC isoforms
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abundantly expressed in the mature kidney, PKCa, PKCCS, PKC
and PKCA [11, 12]. The expression and localization of these
isoforms were found to change in an age-specific manner, indi-
cating that individual PKC isoforms may also play different roles
in kidney growth and development [13—15]. To further investigate
the role of PKC during kidney development, explant cultures of
embryonic kidneys and primary cultures of tubular cells from
postnatal rats were exposed either to ceramide, a product of
sphingolipid metabolism [reviewed in 16], or specific PKC inhib-
itors [17—19]. Suppression of PKC activation was found to en-
hance apoptosis and arrest growth.
METHODS
Animals
Fetal and postnatal Sprague-Dawley rats (B&K Universal AB,
Sollentuna, Sweden) were used in this study. In the fetal studies,
embryos from timed-pregnant rats were used. Day 0 of pregnancy
(E0) was determined by the detection of a vaginal plug. Infant rats
(PNIO) were kept with their dams. The weaning (PN2O) and adult
(PN4O) rats were fed standard chow and tap water ad libitum. In
all experiments, rats were anaesthetized with sodium pentobarbi-
tal (Mebumal, Apoteksbolaget, Stockholm, Sweden), 6 mg/100 g
body wt.
In situ hybridization
Embryonic (E15, E18, E21) and postnatal (PN1O, PN2O, PN4O)
kidneys were embedded, entirely or partially, in Tissue-Tek (Miles
Inc., Elkhart, IN, USA), frozen on dry ice, cut in 10 j.tm sections
on a cryostat at —20°C and thawed on to pretreated microscope
slides (Proheon; Fisher Scientific, Pittsburgh, PA, USA). The
sections were fixed in 4% paraformaldehyde, rinsed twice in PBS
and dehydrated in a graded ethanol series, including a five minute
incubation in chloroform. The following DNA oligonucleotides
(KEBO Lab, Stockholm, Sweden) were used as hybridization
probes: for rat PKC [20], 5'-CAT ATT ATG TGG CGG GGG
GTT GGC TAA AA CAC TCG TGA AC-3'; rat PKC [211,
5'-CTG CCC GCA TCA UCA CGA TCT GGA TGA CAC GGC
CYF CAT AGA TGT GGG-3'; rat PKC [22], 5'-TAG CIT CCA
CGC CCG ATG ACT CTG ATG AGG TCA AAG TCT TGC
AGC CCC -3'; rat PKCij [23], 5'-CGG GAT TTG AYF CTG
GGT CGG AAA GGC GGT TCT AGC TGG CGA TGG-3' and
5'-CTC T AGG CTC CGC CIT CGC AGA G1T GTG AAC
ATT TGC TCC GTG-3'; mouse PKCA [12], 5'-TGG GTC TCC
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Fig. 1. Expression of PKCa in fetal
and postnatal kidneys. In situ
hybridization (a = bright field, b =
dark field, c-h autoradiograms) at
E15 (a, b), E18 (c), E21 (d), PN1O
(1)' PN2O (g) and PN4O (h). A
negative control (PN2O, BP-2 sense
probe) is shown in e. The sections
show ureter epithelium (ue), inner
medulla (im), inner (is) and outer
(os) stripe of outer medulla, and
cortex (co). Magnifications are X64
(a,b), X5.6 (c-d, f-h) and X2.5 (e).
TfC CTC ATC TAT CCA TFT CAT GGT GAA CGG CTG
CTC-3' (used in Fig. 4) and 5'-GGC CAT TTG CAC AAT ACA
GCT TFC TCC ACC GGC GTG CCC CTC TCC-3' (not shown).
These oligonucleotides are antisense and thus complementary to
the mRNAs for which they are designed. The probes for PKCa, fi
and have previously been shown to be specific for their
respective isoforms [lii. For PKCij, two probes were prepared in
this study in order to demonstrate specificity. However, neither of
the them generated a detectable signal at any stage of develop-
ment. PKCA has not yet been cloned in the rat. Instead, we used
two different probes for mouse PKCA mRNA that generate
identical labeling patterns. Using terminal deoxynucleotidyl trans-
ferase (TdT) (Amersham, Little Chalfont, Buekinghamshire,
UK), the probes were labeled at the 3' end with [a-35SIdATP (Du
Medical Scandinavia AB, Sollentuna, Sweden) to a specific activ-
ity of approximately IO cpm/mg. Hybridization was performed in
50% formamide, 4 X SSC (0.6 M sodium chloride, 0.06 M sodium
citrate, pH 7.0), 1 X Denhardt's solution, 10% dextran sulphate,
0.25 mg/mI yeast tRNA, 0.5 mg/mI sheared salmon sperm DNA,
1% sarcosyl, 0.02 M Na7HPO4/NaH2PO4 (pH 7.0), 0.2 M dithio-
threiotol, using iO cpm/ml for each probe. The sections were
hybridized at 42°C for 15 to 20 hours in a humidified chamber with
125 jd of hybridization solution per slide. They were subsequently
washed 4 x 15 minutes at 56°C in 1 X SSC. As a negative control,
addition of unlabeled probe in 50- to 100-fold excess to the
hybridization cocktail resulted in a concentration-dependent de-
pletion of hybridization signal (not shown). Furthermore, the
specificity of the in situ hybridization was confirmed by the lack of
labeling (Fig. IE) when using a sense probe, with similar length
and GC-content as the antisense probes, directed against the
IGF-2-hinding protein BP2 (5'- GAA AAG AGA CGC GTG
GGC GCC ACC CCA CAG CAG GYr GCA GAC AGT G -3').
Slides were placed on an X-ray film (Hyperfilm-MP; Amersham)
for a week. The film was developed and used to produce autora-
diograms for the older kidneys (E18-PN4O). All slides were
subsequently dipped in Kodak NTB2 photo emulsion (diluted 1:1
in water), exposed for four to six weeks at 4°C, developed, fixed,
counterstained with cresyl violet and examined. Photographs of
the E15 kidneys were taken under bright field and dark field
illumination, using Kodak T-MAX 400 film.
Organ culture
Organ culture of nietanephric kidneys was performed as previ-
ously described [24]. 1-MEM medium was used [25] (Gibco,
Paisley, Scotland, UK), supplemented with 10% fetal calf serum
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and 1% L-glutamine. The cultures were kept in a humidified
incubator at 37°C with 95% air and 5% CO2. In the ceramide
cxperiments, the kidney explants were first cultured overnight,
then exposed to either C2-ceramide or vehicle (DMSO, 0.1%) for
24 hours. According to the manufacturer's recommendations, the
ceramide-containing medium was briefly sonicated in order to
resuspend the ceramide in micelles and thus facilitate its uptake.
In the bisindolylmalcimide experiments, GF 109203X was added
to the medium every six hours. Medium was changed after 24
hours. The cultured kidneys were photographed and then further
processed for determination of apoptosis and morphogenesis.
Primary culture of proximal tubule cells
Preparation of proximal tubule cell suspensions for primary cell
cultures was done as described [26]. Infant (10-day-old) and adult
(40-day-old) male rats were used. Both kidneys were perfused
with 0.03% collagenase in Hanks' solution (Gibco Laboratories).
Immediately after perfusion, the kidneys were removed and
washed in normal saline. Cortical tissue slices (150 jim) from the
ventral and dorsal sides of each kidney were sectioned with a
microtome. The slices were incubated with the collagenase solu-
tion at 95% 02 and 37°C for 10 minutes. The tissue suspension
was centrifuged (5 mm at 1,000 rpm) and rinsed twice in a solution
containing 0.01% soybean trypsin. The supernatant was discarded
and Dulbecco's modified Eagle's medium (DMEM) (Gibco) was
added to the pellet. This suspension of tubules was plated onto a
six-well plate (DNA fragmentation) or glass coverslips (determi-
nation of apoptosis or DNA synthesis) and cultured in a humid-
ified incubator at 37°C with 95% air and 5% CO2. The modified
DMEM contained 20 ms'i Hepes, 24 ms NaHCO3, 50,000 lU/liter
penicillin and 50 mg/liter streptomycin; pH was set to 7.4 at 37°C
and 5% CO2.
The cells grew in colonies. Central confluent cells have a lower
proliferative rate than subconfluent cells, probably because of
contact inhibition [27]. In the present study, we have studied DNA
synthesis in subconfluent cells, defined as the two outermost cell
layers in each colony.
In situ detection of apoptosis
In apoptosis, endonuclease activation cleaves DNA into oligo-
nucleosome-length fragments [28]. DNA fragmentation was de-
tected in situ by the use of a commercial kit (ApopTag; Oncor,
Gaithersburg, MD, USA). With this method, digoxigenin-dUTP
residues are first catalytically linked to the DNA ends by TdT. A
peroxidase-linked anti-digoxigenin antibody is then added and the
localized peroxidase generates a color signal in apoptotic cells
from a chromogenic substrate (diaminohenzidinc; BioGenex, San
Ramon, CA, USA).
Proximal tubule cells in primary culture on glass coverslips were
fixed for 10 minutes in methanol-acetone (1:1) and washed three
times in PBS. Fetal kidneys in organ culture were fixed in a 4%
formalin/phosphate buffer, pH 7.4 (Apoteksbolaget, Stockholm,
Sweden), dehydrated in alcohol and xylene, embedded in paraffin,
cut in a microtome to a thickness of 2.5 jim and finally deparaf-
finized.
The samples were stripped of proteins with 0.075% protease E
(Sigma) at room temperature (RT) and washed in distilled water.
Endogenous peroxidase was inactivated with 2% Il2O2. After
pre-incubation in equilibration buffer, the samples were incubated
with TdT in a reaction buffer containing digoxygenin-conjugated
nucleotides. The incubation was terminated with stop-buffer, the
samples were rinsed with PBS covered with anti-digoxigenin-
peroxidase at RT, washed in PBS, and stained with DAB for six
minutes at RT. The sections were counterstained with hematox-
ylin and eosin.
DNA fragmentation assay
DNA fragmentation was determined quantitatively, according
to Duke, Chervenak and Cohen [29] with a few modifications.
Proximal tubule cells plated onto a six-well plate were incubated
with 1 jiCi/ml 3H-thymidine (Amersham) at 37°C. After 24 hours,
the cells were washed three times in DMEM with 10% fetal calf
serum (FCS) and incubated with DMEM containing 10% FCS in
the presence of ceramide, caiphostin C, GF 109203X, RO 318220
or DMSO for the time indicated. At the end of each experiment,
the incubation medium was removed and the cells were lysed with
2 ml of 25 m sodium acetate buffer, pH 6.6. The lysates were
centrifuged at 32,000 rpm for 20 minutes to separate intact
chromatin (pellet) from fragmented DNA (supernatant). Radio-
activity in the supernatant and pellet was determined with a liquid
scintillation counter. Specific DNA fragmentation was calculated
by the formula: % specific DNA fragmentation = 100 X cpm
(supernatant)/cpm (supernatant + pellet).
DNA synthesis
DNA synthesis was determined by 3H-thymidine autoradiogra-
phy [27]. Proximal tubule cells were seeded on glass coverslips in
6-well plates and grown in DMEM with 10% FCS for 24 hours.
The cells were then exposed to calphostin C or vehicle in the
presence of 2.5 jiCi/mi of 3H-thymidine for 24 hours. The cells
were fixed by replacing the culture medium with cold fixation
solution (ethanol:acetic acid:formalin, 72:18:10) and incubated
for 30 minutes at 4°C. The coverslips were dried overnight and
mounted on slides. Cells were counterstained with orcein (2% in
12 M acetic. acid) for 20 minutes, and excess dye was removed with
water and subsequent dehydration with ethanol. The coverslips
were then mounted on glass slides, dipped into Kodak NTB2
photographic emulsion, air-dried and exposed at 4°C for 72 hours.
The autoradiographs were developed in Kodak D-19, fixed in
sodium thiosulphate and stained with methylene blue (0.02%).
The labeling index (LI) was calculated as the percentage of cells
with > 50 silver granulae over the nucleus. The cells in 10 to 15
colonies were counted, that is, > 500 cells/animal and protocol.
Chemicals
C2-ceramide (N-acctyl-D-sphingosine), a semi-synthetic, ccli-
permeable ceramide analogue, was obtained from Sigma. Bisin-
dolylmaleimide GF 109203X and caiphostin C were purchased
from Caibiochem (La Jolla, CA, USA). RO 318220 was a kind gift
from Roche Products Ltd (London, England, UK). The reagents
were stored as stock solutions in DMSO (Fluka Chemie AG,
Buchs, Switzerland) at —20°C under light-free conditions. Further
dilutions were prepared in culture medium. Controls were ex-
posed to vehicle (less than 0.1% DMSO). In caiphostin C
experiments light was provided by an Osram SW fluorescent lamp
located 15 cm above the culture dishes [30].
Statistical analysis
Values are expressed as mean SEM. Statistical comparisons
between two groups were performed by the Student's t-test for
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Fig. 2. Expression of PKC in fetal
and postnatal kidneys. In Situ
hybridization (a = bright field, h =
dark field, c-g = autoradiograms) at
El5 (a, b), El8 (c), E21 (d), PN1O
(e), PN2O (f') and PN4O kg).
Arrowhead in g denotes labeling
artifacts due to folded tissue. The
sections show ureter epithelium (ue),
inner medulla (im), inner (is) and
outer (Os) stripe of outer medulla,
medullary rays (mr) from the outer
medulla, and cortex (co).
Magnifications are ><64 (a,b) and
x5.6 (c-g).
unpaired data. Comparisons between more than two groups were
done by analysis of variance (Dunnet's test). A value of P < 0.05
was considered significant.
RESULTS
In situ hybridization for PKC isoforms in fetal and postnatal
kidneys
The expression of the PKC isoforms u, fi, , A and s was studied
in embryonic (E) and postnatal (PN) kidneys. We observed a
marked variation in temporal expression pattern between the
different PKC isoforrns.
PKCs mRNA was detected in the entire metanephros at E15,
with a somewhat more dense labeling over the ureteric epithelium
(Fig. 1 a, h). Later in gestation (E21), the signal came mainly from
cortical parts of the embryonic kidney, an area of intense nephro-
genesis at this stage (Fig. id).
Postnatally at day PNIO and, more markedly, at PN2O (Fig. If,
g), the strongest signal was observed in the cortex and the outer
stripe of outer medulla. A weak uniform signal was also seen in
the inner medulla and in the inner stripe of outer medulla. In the
adult kidney (PN4O), the cortical labeling was markedly reduced.
Strong expression was seen only in the outer stripe of the outer
medulla (Fig. lh). Faint labeling was seen in the inner medulla
and in the inner stripe of the outer medulla.
The expression pattern of PKCfi in the embryonic kidney was
almost identical with that of PKCs, with a general distribution at
E15 and a more cortical expression later in fetal life (Fig. 2 a-d).
Postnatally (Fig. 2 e-g), the expression pattern was different
from that of PKCa. Strong labeling of PKC6 mRNA was detected
in the inner medulla and in the cortex at PNIO, whereas parts of
the outer medulla displayed reduced labeling. At PN2O, the signal
from the inner medulla was down-regulated, but expression in the
inner and outer stripes of the outer medulla and in the cortex was
strong and uniform. In the adult kidney (PN4O), the cortical
labeling was limited to the medullary rays. Strong expression was
observed in the entire outer medulla. The inner medulla was
mainly devoid of signal.
PKCj has previously been found to be predominantly ex-
pressed in epithelial tissue (231, suggesting the involvement of
PKCs1 in epithelial differentiation. However, the labeling of PKCs
mRNA at all stages was too weak to be evaluated by in situ
hybridization (not shown).
PKC mRNA, unlike the isoforms described above, was not
uniformly distributed in the E15 kidney. Intense labeling was
sf
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Fig. 3. Expression of PKCC in fetal
and postnatal kidneys. In situ
hybridization (a = bright field, b =
dark field, c-g = autoradiograms) at
E15 (a, b), E18 (c), E21 (d), PNIO
(e), PN2O (f) and PN4O (g).
Arrowheads in g denote artifacts.
The sections show ureter epithelium
(ue), metanephric mesenchyme (m),
inner medulla (im), outer medulla
with its inner (is) and outer (os)
stripe, and cortex (co).
Magnifications are X64 (a,b) and
x5.6 (c-g).
observed in the epithelium of the ureteric bud and the forming
tubular epithelium, whereas the hybridization signal in the mes-
enchyme was very weak (Fig. 3 a, b). Later in gestation (E18 and
E21), labeling was detected not only in the cortical parts of the
kidney, hut also in the ureteric epithelium (Fig. 3 c, d).
In the postnatal kidney (PN1O), the hybridization signal was
detected in the entire kidney, and was particularly strong in the
outer medulla (Fig. 3e). The intensity of the hybridization signal
peaked at PN2O, when it was seen in the entire kidney, with the
strongest labeling located in the outer medulla (Fig. 3f). In the
adult (PN4O) kidney, the hybridization signal showed the same
distribution, hut the labeling in the outer medulla was reduced to
the level of that in the inner medulla. The cortical labeling was
weak (Fig. 3g).
l'he distribution of PKCA mRNA was ubiquitous at E15 (not
shown). At ElS and E21 (Fig. 4 a, b), particularly strong expres-
sion was observed in the nephrogenic zone, located in the most
peripheral renal tissue. Labeling was also observed over the
ureteric epithelium. Weak expression was present in the medul-
lary parts of the kidney.
At PNIO, a strong signal was detected in the outer medulla,
whereas cortical labeling was observed mainly in the medullary
rays (Fig. 4e). At PN2O, labeling was denser in the medulla, partic-
ularly in the outer stripe of the outer medulla (Fig. 4d). In the adult
(PN4O) kidney, PKCA mRNA was markedly down-regulated, and no
labeling above background could be detected (Fig. 4e).
Effects of ceramide and PKC inhibitors on renal growth and
differentiation
Metanephric kidneys in vitro. E13 metanephrie kidneys in organ
culture were incubated with I jriGF 109203X or vehicle. During
48 hours of culture, control explants increased in size and
complexity (Fig. 5 a, b). They displayed several generations of
ureter branchings and the mesenchyme was induced to transform
into tubular epithelium. Around the tips of the ureter, mesenchy-
mal condensations as well as comma- and S-shaped bodies were
observed. Some apoptosis occurred, mainly in the stroma and only
occasionally in the epithelium.
Metanephric kidneys exposed to GF 109203X (Fig. 5 c, d)
displayed normal or slightly decreased growth, compared to
controls. A striking finding was the dramatic increase in the
proportion of apoptotic cells. Unlike in the controls, the apoptotic
cells were not only located to the stromal cells in the loose
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Fig. 4. Expression of PKCA in fetal
and postnatal kidneys. In situ
hybridization (autoradiograms) at
E18 (a), E21 (b), PN1O (c), PN2O (d)
and PN4O (e). Arrow in e denotes
labeling artifacts due to folded tissue.
The sections show inner medulla
(im), inner (is) and outer (os) stripes
of outer medulla, medullary rays (mr)
from the outer medulla, and cortex
(co). Magnification is X5.6.
mesenchyme, but rather in the metanephric periphery, where
under normal conditions mesenchymal differentiation takes place.
The histology of the GF 109203X treated metanephric kidneys
was also altered. Although some branching of the ureter occurred,
there was little evidence of tubulogenesis, apart from mesenchy-
ma! condensations. Furthermore, the border between the ureteric
epithelium and mesenchyme was diffuse. Despite these findings,
mitotic cells were numerous (Fig. 5d).
Several lines of evidence suggest that ceramide is an endoge-
nous inhibitor of PKC [reviewed in 16]. C2-ceramide (N-acetyl-
D-sphingosine), 100 j.tM, was added to organotypic culture of E13
rat kidneys for 24 hours. The effects of ceramide were very similar
to those of GF 109203X, with regard both to morphology and
apoptosis. As in the above experiment, the control kidneys (Fig. 6
a, b) displayed apoptosis only in a small population of cells located
in the loose mesenchyme close to the epithelium. These cells are
believed to be stromal cells. Ceramide-exposed kidneys (Fig. 6 c,
d) had a clear increase in apoptotic cells, which were often
observed in clusters. These were no longer located only in the
mesenchyme, but were also detected in the tubular epithelium.
Cells that did not stain positive for apoptosis appeared normal
and viable. The kidney explants incubated with C2-ceramide
developed poorly compared to controls. Although their size was
not affected, histological sections revealed severely altered archi-
tecture within each explant. Instead of the well-defined mesen-
chyme and the easily identified forming tubules of the control
explants (Fig. 6 a, b), the ceramide-treated kidneys had a disor-
ganized morphological appearance with hardly any tubular for-
mations. It was also difficult to distinguish mesenchyme from
tubular epithelium. The ureteric bud seemed unaffected and had
a rather well preserved epithelium.
Proximal tubule cells in primary culture. Primary cultures of
proximal tubule cells were used to study the effect of PKC
inhibition on postnatal renal growth. Calphostin C, which selec-
tively inhibits PKC by competing at the binding site for diacyl-
glycerol [191, dose-dependently inhibited growth of proximal
tubule cells in primary cell culture (Fig. 7). At 100 ni, 32.15
6.48% inhibition was observed in infant PT cells. In adult PT cells
this dose had a significantly less pronounced effect (13.5 1.9%,
P < 0.05).
At calphostin C concentrations above 250 nM an increase in
apoptotic cells was observed. To quantitatively determine DNA
fragmentation, we prelaheled infant PT cell cultures with 3H-
thymidine for 24 hours and then treated them with 250 to 1000 nM
calphostin C for an additional 24 hours. Calphostin C induced
DNA fragmentation in a dose-dependent manner (Fig. 8a). DNA
fragmentation was observed at 4.5 hours exposure to 1 jIM
caiphostin C and increased thereafter. The most marked effect
was observed at 24 hours (not shown). Detection of apoptotic
nuclei was assessed by in situ end-labeling of cleaved DNA.
Incubation of PT cells with 1 LM calphostin C for 24 hours
produced classical morphological features of apoptosis with cell
shrinkage, condensation of nuclear chromatin and an increase in
the number of in situ labeled apoptotic cells. A few cells in the
control cultures were also apoptotic, which is consistent with
normal development and the culture situation itself (Fig. 8b).
Exposure of infant PT cells for 24 hours to the specific PKC
inhibitors (iF 109203X and RO 318220, which act as competitive
inhibitors of the ATP-binding site on PKC [17, 18], significantly
induced DNA fragmentation at concentrations generally used to
inhibit PKC activity (Table 1). PT cells treated with GF 109203X
and RO 318220, at concentrations associated with induction of
DNA fragmentation, exhibited morphological features of apopto-
sis (not shown). Treatment of infant PT cells with 50 jIM C2-
ceramide for 24 hours induced a significant increase in DNA
fragmentation (control 9.8 0.78% vs. ceramide 23.03 3.1%,
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Fig. 5. Effects of GF 109203X on cultured E13 kidneys. Hematoxylin/cosin-stained cryosections of cultured E13 fetal kidneys with in Situ labeling of
apoptosis. Arrows indicate typical apoptotic bodies, arrowheads indicate mitotic cells, (a) Control, after 48 hours exposure to vehicle (DMSO). (b)
Detail magnification of a. (c) GF 109203X 1 M, after 48 hours exposure. (d) Detail magnification of c. Magnification is x105 (a, c) and x310 (b, d).
Note in h the ureteric epithelium (ue) with a surrounding cap of condensing mesenchyme (mc), and in d a group of densely packed cells without distinct
features, hut with two mitotic figures (arrowheads).
N = 5, P < 0.005). In a pilot study, we had previously determined
50 jiM to be the optimal ceramide concentration for this assay: 10
jiM of C2-ceramide caused a slight, but not significant, increase in
DNA fragmentation while overall cell morphology was hot al-
tered. With 25 jiM, the increase in DNA fragmentation was more
pronounced and the apoptotic cell population was somewhat
larger. In situ labeling of DNA fragments was positive in these
cells, giving further biochemical evidence of apoptosis (not
shown).
DISCUSSION
This study provides a first step towards an understanding of the
involvement of the different PKC isoforms during kidney devel-
opment. By using jn situ hybridization, we could demonstrate
age-dependent differences in the distribution of individual PKC
isoforms during embryonic and postnatal kidney development.
This suggests a divergence in function between isotypes during
renal ontogeny.
Two types of PKC isotorms, PKC and PKCA, were homoge-
neously detected at E15, as indicated by strong signals in the
entire metanephros. PKCa was expressed in the mesenchyme, hut
a stronger signal was seen in the ureteric epithelium. Later in
gestation, the signal for these three isoenzymes came mainly from
the cortical parts of the embryonic kidney, an area of intense
nephrogenesis. The strong hybridization signal in the nephrogeriic
zone suggests that these isoforms are important during nephron
formation. In contrast, PKC was not uniformly distributed at
E15. At this stage, the signal came almost exclusively from the
inductive epithelium of the ureteric bud and from the forming
tubular epithelium. By analogy with the other isoforms in this study,
PKC' expression shifted towards the nephrogenic zone during late
gestation, but was also sustained in the more mature epithelium in
the medulla. This may imply that PKC is involved in two steps of
nephrogenesis, first the induction of the metanephric mesenehyme to
transform into tubutar and glonierular epithelium and later the
subsequent differentiation and proliferation of this epithelium.
The formation of normal nephrons is critically dependent on
the balance between cellular proliferation and apoptosis. Activa-
tion of PKC leads to cell proliferation [reviewed in 4] and
suppression of apoptosis [31, 321. This effect is opposed by the
sphingomyelin metabolite, ceramide [33, 31. Ceramide has been
suggested to be an endogenous inhibitor of PKC [35, 36]. In this
part of the study, we investigated whether exposure to exogenous
inhibitors of PKC as well as to high doses of ceramide may
enhance apoptosis. In the metanephric organ cultures, we ob-
served under control conditions limited apoptosis in the stromal
periphery, close to the converting mesenchyme. Exposure to
ceramide and the PKC inhibitor GF 109203X increased the
fraction of apoptotic cells, and shifted their location to the
differentiating tubular epithelium. Ceramide and GF 109203X
also caused disturbed nephron formation in these kidneys. The
growth-inhibiting effects of ceramide and PKC inhibitors were less
%•
• •c :r<
S.'
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Fig. 6. Effects of ceramide on cultured E13 kidneys. Hematoxylin/eosin-stained cryosections of cultured E13 fetal kidneys with in Situ labeling of
apoptosis. (a) Control: 24 hours exposure to vehicle (DMSO). (b) Detail magnification of a. (c) C2-ceramide 100 /LM, after 24 hours exposure. (This
dose was titrated after a series of pilot experiments.) (d) Detail magnification of c. Examples of typical apoptotic cells are indicated by arrowheads.
Magnifications are x156 (a, c) and x416 (b, d). Note in a the numerous groups of epithelial (ureteric and tubular) cells. An arrow shows a ureteric
branch with adjacent mesencymal condensation. In b, the only epithelium seen is a very large, dysmorphic ureter (arrow).
Caiphostin C, nM
Fig. 7. Effect of caiphostin C on DNA synthesis in infant and adult PT
cells. Infant (10-day-old) and adult (40-day-old) PT cells in primary cell
culture were treated for 24 hours with the indicated concentrations of
calphostin C. DNA synthesis was determined as the percentage of labeled
cells, LI. Values are mean SEM from 4 to 7 independent experiments
performed in duplicate. Symbols are: (U) 10 PN; (•) 40 PN.
pronounced than the apoptotic effects in the embryonic kidney.
Our findings suggest that PKC and ceramide play opposing roles
in the regulation of apoptosis in the developing kidney. In the
embryonic kidneys exposed to ceramide or GF 109203X, mitosis
still occurred. In primary cultures of PT cells, PKC inhibition
suppressed DNA synthesis in PT cells, and had a more pro-
nounced effect on cells from infant than from adult rats.
The distribution of PKC isoform mRNA continued to change
postnatally, suggesting that PKC isoforms play a different role in
the postnatal and infant kidney from that in the mature kidney.
The calcium- and diacylglyeerol-independent isoforms, PKC and
PKCA, were detected in the entire kidney, with the strongest
labeling at PN2O. In the adult (PN4O) kidney, the signal for PKC
was generally reduced and PKCA was almost completely down-
regulated.
PKCcs and PKCfi were the most abundant isoforms in the cortex
and showed strongest cortical labeling at PNIO and PN2O. At this
age, renal cortical cells have a very high mitotic activity [37]. In the
adult kidney, the cortical expression of the calcium-dependent
PKCcs and the calcium-independent PKCb was markedly reduced.
These isoforms are both activated by diacylglycerol [reviewed in
4]. Thus, our findings imply that the diacylglycerol-dependent
isoforms are of importance for the postnatal development of the
proximal tubule cell, which is by far the most abundant cell type in
the renal cortex.
The novel PKCi1 has previously been found to predominatly be
expressed in epithelial tissue [23, 38], suggesting the involvement
of PKCs7 in epithelial differentiation. However, PKCi1 could not
be detected with in situ hybridization, neither in the fetal nor in
the postnatal kidney.
In summary, our results support the concept that PKC plays an
important role for embryonic as well as postnatal kidney growth
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and development. Furthermore, they indicate that the PKC effects
may he isoform specific and different in different developmental
stages. It is clear that PKC promotes growth and can oppose
apoptosis. The role for early induction remains to be explored.
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APPENDIX
Abbreviations arc: PKC, protein kinase C; PT, proximal tubule; E,
embryonic day; PN, postnatal day; DMSO, dimethyl sulphoxide; PBS,
phosphate-buffered saline.
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Fig. 8. Effect of calphostin Con apoptosis and DNA fragmentation in infant PT cells. A) Control: 24 hours exposure to vehicle (DMSO <0.1%). (B).
Infant PT cells incubated with 1 JiM caiphostin C for 24 hours. Arrowheads indicate in Situ labeled apoptotic cells. Results are from single determinations
representative of four experiments. Magnification is >(4l7. (C) Ten-day old P1 cells were treated for 24 hours with the indicated concentrations of
calphostin C. DNA fragmentation results (mean SEM) are representative of 4 experiments performed in duplicate or triplicate. Calphostin C (control
36.32 1.8% vs. 1 JLM calphostin C 60.24 1.2%, N 3, P < 0.05) and RO 318220 (control 28.2 2.9% vs. I JLM RO 318220 42.8 2.9%, N 3 P
<0.05) also induced apoptosis in 40-day-old PT cells. Since P'I cells from adult rats have a higher basal level of apoptosis, due to decreased attachment,
one cannot compare the effect of PKC inhibitors on DNA fragmentation between infant and adult PT cells..Short-term primary cell cultures of infant
and adult PT cells that have attached to the surface maintain functional, growth and morphological characteristics similar to those in viva [26, 271.
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Table 1. Effect of PKC inhibitors on DNA fragmentation in PT cells
% DNA fragmentation
Control 15.0 0.76
GF 109203X 20.09 1.03'
R0318220 30.5 0.67'
Infant PT cells were treated with I j RO 318220 or 1 /.LM GF 109203X
for 24 hours. Controls were exposed to vehicle (DMSO < 0.1%).
Quantitative analysis of DNA fragmentation was determined as detailed
in material and methods.
Values (mean SEM) are representative of 3 independent experiments
performed in triplicate.
up < 0.05 from control
h P < 0.00 1 from control
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